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Abstract 
The local-overall interactive buckling behaviour of welded stainless steel I-section columns was experimentally 
and numerically examined in this study. A total of ten test specimens were fabricated from hot-rolled stainless 
steel plates and axially loaded between two pin-ended supports. The specimens failed by local-overall interactive 
buckling about the minor axis. Prior to the member testing, material properties, residual stresses and initial local 
and global geometric imperfections were all accurately determined. Detailed finite element (FE) models, capable 
of simulating the interactive buckling behaviour and predicting the ultimate capacity of welded stainless steel 
I-section columns, were validated against the obtained test results. The validated FE models were subsequently 
used to carry out systematic parametric studies, exploring the influences of the key input parameters, including the 
welding residual stresses, initial geometric imperfections, material properties and slenderness ratios. The 
generated test and numerical results were then used to assess the accuracy of a series of existing design methods: 
Eurocode 3 Part 1.4 and the design proposal of Rasmussen and Rondal, both of which employ the effective width 
concept, and the two separate design proposals of Becque et al. in the EN 1993-1-4 and AS/NZS 4673 formats 
and the proposal of Huang and Young, all of which are based on the direct strength method (DSM). Based upon 
the assembled data points, two separate design curves are proposed herein for austenitic and duplex stainless 
steels, which have been demonstrated to offer very accurate strength predictions for welded stainless steel 
I-section columns undergoing interactive buckling. 
Keywords: Buckling resistance; Column tests; Interactive buckling; Numerical modelling; Stainless steel; 
Welded I-section columns 
1. Introduction 
Recent years have seen a rise in structural applications of stainless steels due to their corrosion resistance and 
favourable sustainability credentials [1]. Though cold-formed sections have generally been the focus of previous 
research work [2-6], much recent research activity has centred on welded stainless steel sections, which can offer 
higher load-bearing capacities for heavier structural applications. The structural performance of welded stainless 
steel sections, involving the local buckling of compression members [7,8], the shear response of plate girders 
[9-11] and the lateral-torsional buckling of slender beams [12], has been investigated using experimental and 
analytical methods. In this paper, the local-overall interactive buckling behaviour of welded stainless steel 
I-section columns is examined. 
The interaction between local and overall buckling of columns made of carbon steel has been studied 
thoroughly [13-15], and the investigated cross-section shapes have included box sections [16,17], I-sections 
[18-23] and channel sections [24,25]. However, the interactive column buckling behaviour of welded stainless 
steel sections may differ due to the non-linear material properties [26]. There have been a few experimental 
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studies on the interactive buckling of cold-formed stainless steel columns, including box sections [27], lipped 
channel sections [28] and I-sections [29] undergoing local-overall instability, and lipped channel sections 
undergoing distortional and overall flexural-torsional buckling [30]. Therein the I-sections were assembled from 
two cold-formed channels, connected back-to-back with sheet metal screws [29]. More recently, eight welded 
stainless steel box section columns, which exhibited local-overall interactive buckling, were tested [31]. The lack 
of local-overall interactive buckling test data for welded stainless steel I-section columns under axial compression 
is evident, but is addressed through the experimental work reported in the present study. 
A total of ten stainless steel welded I-section columns fabricated from hot-rolled stainless steel plates were 
tested in this paper, exhibiting the local-overall interactive bucking failure mode. The obtained test results were 
employed to validate the finite element (FE) models. Subsequent systematic parametric studies were carried out 
by means of the validated FE models. Based on the obtained test and numerical results, the design formulae in EN 
1993-1-4 [32], the design proposal of Rasmussen and Rondal [4] and the direct strength method (DSM) proposals 
of Becque et al. [5] and Huang and Young [6] are then assessed. 
2. Material properties and specimen geometry 
In this section, the material and geometric properties of the test specimens are reported. Two stainless steel 
alloys were investigated – austenitic grade EN 1.4301 and duplex grade EN 1.4462. The thickness of the 
hot-rolled plates was accurately measured as 6.00 mm. Tensile coupon tests were carried out to acquire the 
material properties of the plates in both the longitudinal and transverse directions, which were reported in a 
separate study [8]. The obtained material properties are listed in Table 1, revealing a degree of anisotropy. 
The test specimens were fabricated from the stainless steel plates using shielded metal arc welding (SMAW). 
The fillet weld size was specified to be 5 mm. The average measured geometric dimensions of the tested 
cross-sections are listed in Table 2, while the notation is defined in Fig. 1. The nominal section height of the test 
specimens ranged from 252 mm to 492 mm, covering a wide range of web height-to-thickness ratios (hw/tw) from 
40 to 80. The outstand flanges, with nominal width-to-thickness ratios (cf/tf) ranging from 14 to 25, would be 
susceptible to local plate buckling. There were three (hw/tw)/(cf/tf) ratios (2.0, 3.0 and 5.0), of which the ratio of 
3.0 corresponds approximately to concurrent elastic local buckling of the flanges and web, since it is almost equal 
to the ratio of the respective buckling coefficients of the elements, 
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where kσ,w and kσ,f are the buckling coefficients for the web and flanges, respectively, which can be taken as 4.0 
and 0.425 under pure compression. 
The finite strip software CUFSM [33] was used to determine suitable geometric lengths of the test specimens to 
promote interactive buckling. The elastic buckling stress ratio σcr/σ0.2 was plotted against the buckle 
half-wavelength for Specimen I304-252-i, as shown in Fig. 2. The minimum (point A) corresponds to the 
half-wavelength associated with the local buckling mode, and the members with lengths beyond point C will 
undergo overall flexural buckling. The lengths of test specimens should be in the range where the overall buckling 
stress is higher than the local buckling stress, such as point B, where the local-overall interactive buckling mode 
can be achieved. Hence the nominal effective lengths of the tested columns, Le, varied from 2380 mm to 3480 mm, 
and the corresponding overall minor axis slenderness ratio Le/ry, where ry is the minor axis radius of gyration, was 
between 48.3 and 71.0, indicating that the test specimens are of intermediate slenderness. According to the 
provisions of EN 1993-1-4, the local element slenderness of flanges (λpf) and webs (λpw), and the global 
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non-dimensional member slenderness values (λc) based on the effective cross-sectional properties of the test 
specimens were determined, and are listed in Table 2. 
3. Measurement of initial imperfections and load eccentricities 
3.1 General 
The assembly and welding processes may give rise to initial imperfections in the test specimens, such as local 
distortions, global curvatures and residual stresses. Subsequent to welding, a hydraulic press with special 
clamping apparatus was adopted to alleviate the residual distortions in the cross-sections. The welding residual 
stresses, initial local and global geometric imperfections were carefully measured prior to testing using the 
experimental techniques described in this section. Combined with the subsequently acquired load eccentricities, 
the obtained pattern of residual stresses and geometric imperfections are later considered in the FE models. 
3.2 Welding residual stresses 
In parallel with the interactive test specimens, a separate series of welded stainless steel sections were 
fabricated from the same batch of plates and using the same welding technique, based upon which a specialised 
test study on the residual stresses was previously carried out [34]. The proposed predictive models for residual 
stress distributions can be applied to the test specimens herein, and the key parameters are presented in Table 3, 
where the symbols are given in Fig. 3. The peak tensile residual stresses – 0.8σ0.2 for the austenitic grades and 
0.6σ0.2 for the duplex grades were found to be near the fillet welds, resulting in compressive residual stresses near 
the flange tips due to the requirement for self-equilibrium. 
3.3 Initial geometric imperfections 
The initial geometric imperfections – both local and global, were separately measured prior to testing. The 
experimental techniques that were successfully applied in a previous study [31] were employed. Specifically, the 
local imperfections in the cross-sections were measured using a digital linearly-varying displacement transducer 
(LVDT) driven by a calibrated electric guideway, while the global curvature along the specimen length was 
obtained by means of an optical theodolite and a calibrated vernier caliper. The initial local and global 
imperfection amplitudes, which were the maximum imperfection values among the three cross-sections – the 
mid-length section and the two quarter point sections, were determined and are summarised in Table 4. It can be 
seen that the maximum local imperfection amplitude among all the test specimens is equal to 2.48 mm (hw/193) 
for Specimen I304-492-i, and the maximum recorded global imperfection amplitude is L/961 for Specimen 
I2205-432-i. 
3.4 Load eccentricities 
During the initial stage of the tests, strain gauges were used to acquire the initial load eccentricity about the 
minor axis (y axis) for each test specimen. According to elastic theory, the strains in the section can be regarded as 
the superposition of strains generated by the pure axial compression (εF) and the pure bending (εM). The load 
eccentricity ec can then be calculated through Eq. (2) 
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where A is the cross-section area and Wel is the elastic section modulus. The initial load eccentricity of each test 
specimen was obtained by means of the strain gauge readings from the column ends (eliminating the influence of 
global imperfection), as listed in Table 4. The equivalent initial eccentricity eEq, considering both the load 
eccentricity ec and the global imperfection v0, is given by: 
4 
 
0cEq vee   (3) 
which had a maximum value of L/317 for Specimen I304-492-i, with a mean value of L/888 for all the test 
specimens. 
4. Local-overall interactive buckling tests 
4.1 Test set-up 
The test set-up shown in Fig. 4 was used to conduct the interactive buckling experiments for all the test 
specimens. Pin-ended boundary conditions were introduced into the tests, allowing free rotations about the minor 
axis of cross-section. A total of 48 strain gauges and 13 LVDTs were employed for each test specimen. The strain 
gauges were attached to five cross-sections along the column length, including the mid-length section, the two 
quarter point sections and the two end sections. As well as measuring the load eccentricities, the attached strain 
gauges were also used to align the test specimens and monitor local plate buckling. As for the LVDTs, LVDTs 1 
and 2 measured the end-shortening of the test specimens between the two pinned ends, while LVDTs 3 and 4 and 
LVDTs 5 and 6 were used to obtain the upper and lower end rotations, respectively, all other LVDTs were used to 
record lateral deflections. 
Carbon steel end plates with thicknesses of 20 mm were welded onto both ends of each test specimen, in order 
to achieve satisfactory contact between the column ends and the bearing supports. The alignment of each test 
specimen was firstly implemented by geometrically centreing of the column specimen, followed by further 
adjustments in response to the recorded strains during the preloading procedure. Then a small axial load of 
approximately 5 kN was maintained to secure the specimen in the testing rig and to eliminate any possible gaps 
between the upper end plate and the corresponding support. 
The column specimens were axially loaded using a 5000 kN capacity hydraulic testing machine. A consistent 
loading rate of 60 kN/min was applied during the linear stage, after which a constant end shortening rate of 0.4 
mm/min was used to control the tests. All the LVDTs and strain gauges were monitored and recorded 
continuously. The test set-up for Specimen I304-252-i is shown in Fig. 5, displaying the typical local-overall 
interactive buckling failure mode. 
4.2 Summary of the test results 
The deformed test specimens are shown Fig. 6, all ten of which displayed interaction effects between local plate 
buckling and overall flexural buckling. In general, the local plate buckling occurred far below the peak load, and 
the locally buckled shape grew gradually under increasing axial load. The local buckling pattern eventually 
became localised on the more heavily compressed side of the columns near the mid-length with increasing overall 
lateral deflections. 
The onset of local plate buckling was successfully monitored by the attached strain gauges, which can then be 
used to determine the experimental elastic critical local buckling loads by means of the maximum membrane 
strain method [35,36]. In this method, the maximum compressive membrane strain, which can be obtained from 
the two strain gauges paired on opposite sides of the plate, is used to signify attainment of the critical local 
buckling load. Beyond this point, strain reversal occurs as the plate buckles. The axial load versus membrane 
strain curves for Specimen I2205-372-i at three intermediate cross-sections – the mid-length section and the two 
quarter point sections are shown in Fig. 7. It can be clearly observed that the local buckling load is much lower 
than the peak load, highlighting the presence of both local plate buckling and overall flexural buckling in the test 
specimens. The obtained experimental local buckling loads may differ between the three intermediate 
cross-sections. Hence, for the sake of simplicity, a conservative prediction for the critical local buckling load Ncrl 
of the column was acquired by taking the minimum value among them, as summarised in Table 5 for all the tested 
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columns, where comparisons between the test results and FE predictions described in the following section are 
also given. Local buckling of the flanges occurred first for the test specimens with a (hw/tw)/(cf/tf) ratio of 2.0, 
while local buckling of the webs was more prominent for test specimens with a (hw/tw)/(cf/tf) ratio of 5.0. For the 
test specimens with a ratio of 3.0, the local buckling occurred simultaneously in the flanges and web, which can 
be seen in Fig. 7 (a) and (b) for Specimen I2205-372-i. 
The axial load versus end shortening (δ) curves recorded by LVDTs 1 and 2, and the axial load versus 
mid-length lateral deflection (Δ) curves measured by LVDTs 9 and 10, were plotted for all the test specimens and 
are shown in Figs. 8 and 9. The experimental results, including the ultimate interactive buckling capacity and 
corresponding deformations, are tabulated in Table 6, which will be further discussed later. 
5. FE modelling and parametric analysis 
5.1 General 
This section begins with the validation of the FE models against the obtained interactive buckling test results, 
and is followed by a thorough parametric analysis to investigate the influences of key input parameters, including 
the welding residual stresses, initial local and global geometric imperfections, material properties, and local and 
overall slendernesses. The numerical data points generated by means of the parametric studies, together with the 
obtained test data, are used to assess the existing design methods for predicting interactive buckling resistance in 
Section 6 of the paper. 
5.2 Validation of the FE models 
The FE software package ABAQUS [37] was adopted in this study to develop numerical models capable of 
simulating the interactive buckling behaviour of welded stainless steel I-section columns. Apart from the 
accurately measured geometric dimensions and material properties, the previously obtained initial local and global 
imperfection amplitudes, load eccentricities and residual stresses were all incorporated into the FE models.  
The two-stage modified Ramberg-Osgood model proposed by Gardner and Ashraf [38] was used herein to 
represent the measured stress-strain curves. The engineering stress and strain were then converted into true stress 
and true plastic strain for input into ABAQUS. The observed moderate degree of material anisotropy from the 
coupon tests was not considered in the FE modelling since the impact of such behaviour on the buckling capacity 
of similar members has been shown to be very small [39]. The general-purpose shell element with reduced 
integration, S4R, has been previously successfully applied to the modelling of structural stainless steel members 
[40,41], and was also adopted in this study to mesh the welded stainless steel I-section columns. The longitudinal 
mesh size was around 20 mm, and the corresponding element widths depended on the widths of the strips in the 
residual stress distribution pattern. The pin-ended boundary conditions allowing for free rotations about the minor 
axis of the cross-section were reproduced in the FE models. Specifically, reference points were established at each 
end of the members, which were coupled with the end surface via the kinetic coupling constraint. All degrees of 
freedom of the two reference points were fixed except for the two rotational degrees of freedom about the minor 
axis and the vertical displacement at the top end. Furthermore, the initial load eccentricity ec was implemented by 
offsetting the two reference points from the minor axis. 
An elastic eigenvalue buckling analysis was performed to generate local and global geometric imperfection 
shapes, which were taken as the lowest local and global buckling modes derived from the result file, respectively. 
Given the previously measured amplitudes, the initial local and global geometric imperfections were introduced 
through linearly superposed geometry perturbations using the *IMPERFECTION command. Meanwhile, the 
welding residual stresses contained in the test specimens were input using the *INITIAL CONDITIONS 
(TYPE=STRESS) command. The adopted distribution of the residual stresses was as defined in Fig. 3 and Table 3, 
which indicate that the peak tensile residual stresses near the fillet welds for the austenitic grade EN 1.4301 and 
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duplex grade EN 1.4462 sections are 0.8σ0.2 and 0.6σ0.2, respectively. The established residual stress distributions 
in two test specimens (I304-312-i and I2205-432-i) are shown in Fig. 10. 
Geometric nonlinearity was considered throughout the analysis by activating the NLGEOM option. The 
modified Riks method [37] was employed to enable the full load-deformation behaviour, including the 
post-ultimate response of the models to be captured. The failure modes displayed in the FE modelling, namely 
local-overall interactive buckling, were consistent with the tests. A comparison between the test data and FE 
predictions for the local buckling loads is given in Table 5, revealing relatively good agreement. The interactive 
buckling resistances and corresponding deformation values predicted by FE modelling were compared with those 
obtained from the tests, as shown in Table 6, where Nu,FE and Nu,Exp are the ultimate loads from the FE models and 
tests, δu,FE and δu,Exp are the end shortenings from the FE models and tests, and Δu,FE and Δu,Exp are the mid-length 
lateral deflections from the FE models and tests. The mean value of the buckling resistance ratio Nu,FE/Nu,Exp is 
0.98 with a corresponding coefficient of variation (COV) of 0.02. The average FE predictions of end shortening at 
the ultimate are 10% smaller than the test values, while the predicted lateral deflections are closer to the test data 
but with a higher COV of 0.15. Furthermore, the axial load versus deformation curves obtained from FE 
modelling reproduce the shapes of the test curves closely, as illustrated in Fig. 11 for two typical examples – 
Specimens I304-492-i and I2205-432-i. It can therefore be said that the FE models provide accurate strength and 
deformation predictions for the tested columns, exhibiting the capability of simulating the local-overall interactive 
buckling behaviour. 
5.3 Parametric analysis 
Subsequent systematic parametric studies involving a total of 434 welded stainless steel I-section columns were 
carried out by means of the validated FE models. The influences of key input parameters, including the welding 
residual stresses, initial local and global geometric imperfections, material properties, and element and member 
slendernesses, were all analysed. The input process of a series of parameters was facilitated by means of the 
*PARAMETER command. 
The FE modelling for the test specimens was run a second time without residual stresses. The obtained 
interactive buckling resistances and corresponding deformation values are shown in Table 6. It can be seen that 
the FE models without residual stresses yield over-estimated interactive buckling resistances by an average of 
18%, and give inaccurate predictions for both the end shortenings and the lateral deflections, as illustrated in Fig. 
11 for two examples – Specimens I304-492-i and I2205-432-i. Furthermore, a direct comparison of the numerical 
results of columns with and without welding residual stresses was made for both considered stainless steel grades 
(EN 1.4301 and EN 1.4462). The obtained ultimate buckling capacities (NFE) normalised by the effective 
cross-sectional yield loads, Neff=Aeffσ0.2, are plotted against the global slenderness λc, as shown in Fig. 12. Herein 
the effective cross-section area Aeff and the global slenderness λc are calculated following the provisions in EN 
1993-1-4 (see Section 6). The results show that the interactive buckling capacity of welded stainless steel I-section 
columns, can be severely affected by the presence of welding residual stresses, especially for the austenitic grade 
EN 1.4301 sections with higher normalised peak magnitudes. Therefore, unlike for the case of cold-formed 
stainless steel members, the residual stresses in welded stainless steel sections should be considered when 
predicting the buckling resistance. This finding may be attributed to the fact that the membrane residual stresses in 
welded stainless steel sections cannot be inherently present in the material stress-strain properties, as is the case 
for the dominant bending residual stresses found in cold-formed stainless steel sections [42]. Meanwhile, the 
reduction in the ultimate interactive buckling resistances of columns can be further explained by the fact that the 
compressive residual stresses near the flange tips and towards the centre of the web promote earlier local buckling, 
causing the loss of effective cross-section area. The distribution of residual stresses presented in Table 3 was 
incorporated into all the subsequent FE models. 
The sensitivity of the obtained interactive buckling resistances to initial local and global geometric 
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imperfections was explored by inputting five different combinations of amplitudes: b/200-Le/500 (most severe 
combination), b/200-Le/1000 (standard combination), b/300-Le/1000, b/500-Le/1000 and b/500-Le/2000 (least 
severe combination), in which the local imperfection amplitude of b/200 corresponds to the recommendations set 
out in EN 1993-1-5 [43]. The comparisons of numerical results obtained by inputting different imperfection 
combinations are shown in Fig. 13, indicating the influences of geometric imperfections over a wide range of 
member slenderness. It can be seen that the influence of local imperfections ranging from b/200 to b/500 is 
overshadowed by that of the global imperfections for the columns of both material grades. The standard 
imperfection combination of b/200- Le/1000 was considered in the following numerical simulations, which is also 
consistent with the previously measured values of imperfection amplitudes. 
The influence of the two key material parameters – the Ramberg-Osgood strain hardening exponent n and the 
non-dimensional proof stress e=σ0.2/E0, which characterise the stress-strain behaviour of stainless steels, were 
separately analysed. Four different values of the exponent n (5, 7.5, 10, 16) and five values of the parameter e 
(0.001, 0.0015, 0.002, 0.0025, 0.0035) were chosen to cover the prevalent stainless steel grades in EN 1993-1-4. 
The peak tensile residual stresses were taken as 0.8σ0.2 for the three cases (e=0.001, 0.0015, 0.002) and 0.6σ0.2 for 
the other two high strength alloys. The results are presented in Figs. 14 and 15, revealing the influences of these 
two parameters. Specifically, higher values n of result in higher normalised buckling capacities, but the influence 
n of becomes less pronounced with increasing values of the parameter e. Varying the parameter e generally had a 
definite effect on the normalised buckling resistance ratio NFE/Neff for the members of relatively low overall 
slenderness (less than 0.5). 
The above analysis has highlighted the need to incorporate the welding residual stresses and suitable amplitudes 
of geometric imperfections into the analyses. The influences of the local and member slendernesses are examined 
next. The considered local slenderness ranges for the outstand flanges (λpf) and the internal webs (λpw) were taken 
as 0.33-2.64 and 0.43-2.31, respectively, while the global slenderness λc, based on the effective cross-sectional 
properties, varied from 0.33 to 1.96. The local and global slenderness values were set within reasonable ranges, 
ensuring that interaction effects between local plate buckling and overall flexural buckling would be captured. A 
total of 342 welded stainless steel I-section columns were simulated. 
6. Design methods for predicting interactive bucking resistance 
6.1 General 
There are several existing design methods that can be applied for predicting the interactive buckling resistances 
of structural stainless steel members, in which the provisions in EN 1993-1-4 [32] and the design proposal of 
Rasmussen and Rondal [4] utilise the effective width concept, while three other design methods, including two 
separate design proposals by Becque et al. [5] and the design proposal of Huang and Young [6], are based on the 
DSM philosophy [44]. Utilising the previously summarised test and FE results, assessment of these design 
methods is now carried out. 
6.2 Design provisions in EN 1993-1-4 
The buckling resistance Nb,Rd for compression members with class 4 cross-sections is given in Eurocode 3 by 
M1yeffRdb, / fAN    (4) 
in which χ is the overall buckling reduction factor, fy is the material yield strength (taken as σ0.2), γM1 is the partial 
factor for member buckling and is set to unity in the following comparisons and Aeff is the effective cross-section 
area. According to the effective width concept, the reduction factor ρ to account for local buckling of welded 
internal and outstand elements is given by Eqs. (5) and (6), respectively. 
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in which b/t is the relevant width-to-thickness ratio, kσ is the buckling coefficient, and 
)210000/)(/235( 0y Ef  is a material factor related to the material yield strength fy and the Young’s modulus 
E0. 
The overall buckling reduction factor χ is determined in terms of the classical Perry curve, 
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where the imperfection term is 
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in which the imperfection factor α and limiting slenderness λ0 are taken as 0.76 and 0.20, respectively, for welded 
open section compression members undergoing flexural buckling about the minor axis of the cross-section, and 
the non-dimensional global slenderness λc (denoted   in EN 1993-1-4) is defined by Eqs. (11) and (12). 
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where Ncr is the elastic overall flexural buckling load. 
The design strength curve of EN 1993-1-4 is compared with the summarised test and numerical data points in 
Fig. 16. It is shown that the EN 1993-1-4 design curve offers generally conservative strength predictions for the 
ultimate buckling capacity. To be specific, the mean value of the strength ratio (Nb,Rd/Nu) for the austenitic grade 
EN 1.4301 columns is 0.88 with a COV of 0.03, and the corresponding mean strength ratio and COV for the 
duplex grade EN 1.4462 columns are 0.79 and 0.05. The disparity between the two stainless steel grades can be 
attributed to the differences in material properties, represented by the two key parameters e and n. 
6.3 Design strength curve of Rasmussen and Rondal 
In view of the potential influences of the nonlinear material properties, Rasmussen and Rondal [4] proposed a 
modified design strength curve incorporating the non-dimensional proof stress e=σ0.2/E0 and the strain hardening 
exponent n, which may be applied to the structural design of nonlinear metallic materials, such as aluminium alloy 
and stainless steel. According to their proposal, the imperfection term η in Eq. (10) was redefined as 
0))(( 01   c  (13) 
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where α, β, λ0, λ1 are coefficients depending on the two parameters e and n. The proposed strength curve has been 
adopted in the Australian Standard for cold-formed stainless steel structures AS/NZS 4673 [45].  
Comparisons between the obtained test and numerical results and the average strength curves for the austenitic 
and duplex stainless steel columns are shown in Fig. 17. It is revealed that the average ratios of predicted to 
test/FE strengths are 0.99 for the grade EN 1.4301 columns and 1.02 for the grade EN 1.4462 columns. In view of 
the good agreement between the design strength curves and the summarised data points, it can be concluded that 
the Rasmussen and Rondal design proposal provides more accurate strength predictions for the interactive 
buckling capacity of welded stainless steel I-section columns than the current design provisions of EN 1993-1-4, 
although relatively more complicated calculation formulae and coefficients are required. 
6.4 Design strength curves in the DSM format 
Unlike the effective width method, the DSM enables strength predictions without the need to calculate effective 
cross-sectional properties, which is particularly appealing for the structural design of cross-sections with complex 
shapes. The DSM was initially proposed for the design of cold-formed steel members [44], and has been adapted 
thereafter to the design of cold-formed stainless steel sections by considering the non-linear material properties. 
Becque et al. [5] presented two modified DSM curves in accordance with the basic Perry curve, aiming at the 
design of cold-formed stainless steel sections including lipped channels, I-sections and box sections. Firstly, the 
overall flexural buckling strength of the column Nce is calculated based on the full, unreduced cross-sectional area 
A for cross-sections of any class, 
yce AfN    (14) 
in which the overall buckling reduction factor χ can either be determined from Eqs. (8)-(11) in the EN 1993-1-4 
format or be obtained from Eqs. (8), (9), (11) and (13) in the AS/NZS 4673 format. 
In the EN 1993-1-4 format, the column buckling capacity Ncl taking account of local buckling can be presented 
as in Eq. (15), and is denoted DSM-Becque-EN 1993-1-4 in Fig. 18. 






 

  55.0for             22.095.0
55.0for                                    
ce2
ce
c
l
ll
l
l N
N
N 

 (15) 
The AS/NZS 4673 format, the corresponding column buckling capacity Ncl allowing for local buckling can be 
determined from Eq. (16), and is denoted DSM-Becque-AS/NZS 4673 in Fig. 18. 






 

  474.0for             22.095.0
474.0for                                    
ce6.18.0
ce
c
l
ll
l
l N
N
N 

 (16) 
The non-dimensional slenderness λl in Eqs. (15) and (16) is defined as: 
ll NN crce /  (17) 
in which Ncrl is the elastic critical local buckling load, which may be determined numerically using software such 
as CUFSM [33]. 
These two DSM strength curves were evaluated by comparison with the obtained test and numerical results, as 
indicated in Fig. 18. It can be seen that the design curve in the EN 1993-1-4 format offers generally conservative 
strength predictions, which is similar to the comparisons of Fig. 16, while the DSM strength curve in the AS/NZS 
4673 format provides better predictions for the buckling capacity of welded stainless steel I-section columns. This 
can be explained by the fact that (i) the non-linear material properties of stainless steel are considered explicitly in 
the latter design curve, and (ii) the AS/NZS 4673 format provides more accurate prediction of the column 
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strength. 
Huang and Young [6] proposed an alternative design approach for cold-formed lean duplex stainless steel 
columns, given as follows. 
 









 1for        877.0
1for       877.0
y2
y
ce
2
c
c
c
Af
Af
N
c


 (18) 






 

  7.0for         14.096.0
7.0for                                
ce282.0
ce
c
l
ll
l
l N
N
N 

  (19) 
where the slenderness λc and λl are determined from Eqs. (11) and (17), respectively. 
Fig. 19 presents a comparison between this proposed DSM strength curve [6] and the summarised test and FE 
data points. It is shown that unconservative predictions for the column buckling capacity of welded stainless steel 
I-sections are obtained. This may be attributed to the welding residual stresses, which were shown to have a 
pronounced influence on the column capacities, while Huang and Young’s proposal was developed for 
cold-formed stainless steel rectangular and square hollow sections, where the residual stresses are less onerous. 
6.5 New design proposals 
The need to consider the non-linear material properties of stainless steel has been highlighted by the above 
assessments, and should be considered in EN 1993-1-4, which does not currently differentiate between material 
grades. Utilising the basic concepts in the design proposals of Rasmussen and Rondal, modifications within the 
framework of EN 1993-1-4 are proposed. 
6.5.1 Proposed modification to the EN 1993-1-4 provisions 
By taking the two material parameters – the Ramberg-Osgood strain hardening exponent n and the 
non-dimensional proof stress e into consideration, the design strength curve can achieve better agreement with the 
summarised test and numerical data points, as shown in Figs. 17 and 18(b). However, the complexity of 
calculation may increase by inputting independent values of parameters n and e for each separate stainless steel 
grade. 
Following the format of the column buckling curves in EN 1993-1-4, two separate sets of coefficients, 
including the imperfection factor α and limiting slenderness λ0, are proposed for austenitic and duplex stainless 
steels, respectively, as listed in Table 7. A higher value of the imperfection factor α was assigned to the austenitic 
grades, owing to their relatively lower values of e and higher residual stress level than the duplex grades. The 
verification against the following ranges of parameters n and e: n= 5.8-9.0, e=0.0011-0.0018 for austenitic grades; 
n= 5.0-7.5, e=0.0021-0.0035 for duplex grades, has been performed. The results are evaluated in Section 6.5.3. 
6.5.2 Proposed modification to the DSM in the EN 1993-1-4 format 
Using the proposed two separate sets of coefficients in Table 7, the overall flexural buckling strength Nce for 
members of any cross-section class can be determined from Eqs. (8)-(11), based upon which the buckling capacity 
allowing for local buckling (Ncl) is given by Eq. (16). This modification, mainly to the calculation of Nce, is 
denoted modified DSM design curve. The proposals are evaluated in the following sub-section. 
6.5.3 Evaluation of the new design proposals 
Comparisons between the newly proposed strength curves and the summarised test and numerical results are 
shown in Figs. 20 and 21. The modified EN 1993-1-4 strength curves agree well with the generated data points, 
with average Predicted/Test(FE) ratios of 0.99 presented for both the austenitic and duplex stainless steel columns. 
Meanwhile, the modified DSM design curve also provides good predictions for the column buckling capacity of 
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welded stainless steel I-sections, with an average strength prediction ratio of 1.01 and a COV of 0.07. 
The mean values and corresponding COVs of the Predicted/Test(FE) strength ratios for all the aforementioned 
design methods and proposals, including the new design proposals presented in this paper, are all summarised in 
Table 8. It is demonstrated that the new design proposals can provide accurate strength predictions for welded 
stainless steel I-sections columns undergoing local-overall interactive buckling. 
7. Conclusions 
This paper presents comprehensive experimental and numerical studies into the local-overall interactive 
buckling behaviour of welded stainless steel I-section columns. Axial compression tests were carried out on ten 
welded I-section columns fabricated from hot-rolled stainless steel plates of austenitic grade EN 1.4301 and 
duplex grade EN 1.4462, with the failure modes of the tested columns displaying interaction effects between local 
plate buckling and overall flexural buckling. FE models, developed using the ABAQUS software package, were 
validated thereafter against the obtained test results. 
Subsequent to the validation of the FE models, systematic parametric studies were conducted to investigate the 
influences of key input parameters, including welding residual stresses, initial local and global geometric 
imperfections, material properties, and both local and member slendernesses. A large number of numerical 
simulations were performed, covering a wide range of the key parameters. Based on the obtained test and 
numerical results, existing design methods, including the design provisions of EN 1993-1-4, the design proposal 
of Rasmussen and Rondal, and three design proposals based on the DSM concept, with two of them from Becque 
et al. and the other presented by Huang and Young, were all assessed. It was shown that both the EN 1993-1-4 
provisions and the DSM proposal of Becque et al. in the EN 1993-1-4 format provided generally conservative 
strength predictions, while the DSM design curve of Huang and Young gave generally unconservative predictions, 
but their proposals were not developed specifically for welded I-sections. Both the design proposal of Rasmussen 
and Rondal and the DSM proposal of Becque et al. in the AS/NZS 4673 format provided satisfactory average 
strength predictions for austenitic and duplex stainless steel sections. 
By considering the differences in material properties between austenitic and duplex grades, two separate design 
curves were proposed within the basic framework of the EN 1993-1-4 design formulae. The corresponding DSM 
strength prediction in the EN 1993-1-4 format was also presented. Evaluation of the new design proposals 
demonstrated their accuracy in predicting local-overall interactive buckling resistances of welded stainless steel 
I-section columns. 
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Fig. 1. Geometric notation for the test specimens 
 
 
Fig. 2. Elastic buckling stress ratio versus buckle half-wavelength curve for Specimen I304-252-i 
 
 
Fig. 3. Simplified distribution model for residual stresses in welded stainless steel I-sections 
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Fig. 4. Test instrumentation schemes 
 
  
(a) Front view (b) Lateral view 
Fig. 5. Test set-up for the interactive buckling tests (I304-312-i) 
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Fig. 6. Residual deformations of tested columns 
 
  
(a) Upper quarter point cross-section (b) Mid-length cross-section 
 
(c) Lower quarter cross-section 
Fig. 7. Axial load versus membrane strain curves for Specimen I2205-372-i 
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(a) Axial load versus end shortening (b) Axial load versus mid-length lateral deflection 
Fig. 8. Axial load versus deformation curves for grade EN 1.4301 test specimens 
  
(a) Axial load versus end shortening (b) Axial load versus mid-length lateral deflection 
Fig. 9. Axial load versus deformation curves for grade EN 1.4462 test specimens 
 
(a) I304-312-i (b) I2205-432-i 
Fig. 10. Residual stress distributions in the FE models 
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(a) I304-492-i 
  
(b) I2205-432-i 
Fig. 11. Comparison between test and FE load-deformation curves 
 
  
(a) Grade EN 1.4301 (b) Grade EN 1.4462 
Fig. 12. Influence of welding residual stresses on interactive buckling capacity 
 
A
xi
al
 lo
ad
 (k
N
)
0 20 40 60 80
0
200
400
600
800
1000
Lateral deflection (mm)
Test
FE
FE-No residual stress
A
xi
al
 lo
ad
 (k
N
)
0 0.4 0.8 1.2 1.6 2.0
0
0.25
0.50
0.75
1.00
1.25
With residual stress
No residual stress
N F
E/
N e
ff
λc
0 0.4 0.8 1.2 1.6 2.0 2.4
0
0.25
0.50
0.75
1.00
1.25
With residual stress
No residual stress
N F
E/
N e
ff
λc
6 
 
  
(a) Grade EN 1.4301 (b) Grade EN 1.4462 
Fig. 13. Influence of initial local and global geometric imperfections on interactive buckling capacity 
 
  
Fig. 14. Influence of the strain hardening exponent n on interactive buckling capacity 
  
Fig. 15. Influence of the non-dimensional proof stress e on interactive buckling capacity 
 
Fig. 16. Comparison of test and FE results with EN 1993-1-4 design curve 
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Fig. 17. Comparison of test and FE results with design curves proposed by Rasmussen and Rondal [4] 
 
  
(a) EN 1993-1-4 format (b) AS/NZS 4673 format 
Fig. 18. Comparison of test and FE results with DSM strength curves proposed by Becque et al. [5] 
 
 
Fig. 19. Comparison of test and FE results with DSM strength curve proposed by Huang and Young [6] 
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Fig. 20. Comparison of test and FE results with proposed 
modified EN 1993-1-4 design curves 
Fig. 21. Comparison of test and FE results with proposed 
modified DSM design curve 
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Table 1 
Measured material properties for the test specimens 
Grade t (mm) Direction E0 (MPa) σ0.01 (MPa) σ0.2 (MPa) σ1.0 (MPa) σu (MPa) εf (%) n 
1.4301 6.00 
LT 188600 186.3 312.6 354.4 695.7 60.6 5.8 
TT 201900 241.3 318.7 364.5 683.5 59.2 10.8
1.4462 6.00 
LT 193200 404.4 605.6 665.0 797.9 34.6 7.4 
TT 221200 470.2 696.4 767.0 869.0 31.2 7.6 
LT: Longitudinal Tension, TT: Transverse Tension. 
 
Table 2 
Measured geometric dimensions for the interactive buckling test specimens 
Specimen bf 
(mm) 
h 
(mm) 
tf 
(mm) 
tw 
(mm) 
A 
(mm2) 
cf/tf hw/tw (hw/tw)/(cf/tf) 
L 
(mm) 
Le 
(mm) 
Le/ry λpf λpw λc 
I304-252-i 245.5 252.7 6.00 6.00 4390.4 20.0 40.1 2.0 2938.0 3278.0 56.5 1.23 0.80 0.59
I304-312-i 305.0 313.3 6.00 6.00 5467.9 24.9 50.2 2.0 3137.1 3477.1 48.3 1.54 1.02 0.46
I304-372-i 245.5 373.1 6.00 6.00 5112.1 20.0 60.2 3.0 2888.5 3228.5 60.0 1.23 1.22 0.59
I304-432-i 173.5 434.1 6.00 6.00 4614.7 14.0 70.4 5.0 2037.4 2377.4 70.6 0.84 1.44 0.72
I304-492-i 198.0 494.9 6.00 6.00 5272.6 16.0 80.5 5.0 2137.6 2477.6 64.5 0.97 1.65 0.62
I2205-252-i 245.0 253.3 6.00 6.00 4387.8 19.9 40.2 2.0 2935.1 3275.1 56.6 1.73 1.14 0.73
I2205-312-i 305.0 313.1 6.00 6.00 5466.5 24.9 50.2 2.0 3139.9 3479.9 48.3 2.18 1.43 0.57
I2205-372-i 245.0 374.0 6.00 6.00 5112.2 19.9 60.3 3.0 2886.9 3226.9 60.1 1.73 1.73 0.73
I2205-432-i 172.9 434.1 6.00 6.00 4606.6 13.9 70.3 5.0 2039.3 2379.3 71.0 1.18 2.03 0.89
I2205-492-i 196.9 493.8 6.00 6.00 5253.1 15.9 80.3 5.0 2140.5 2480.5 65.1 1.37 2.32 0.77
 
Table 3 
Key parameters in the distribution model for residual stresses in welded stainless steel I-sections 
Alloy σft=σwt σfc=σwc a b c d 
Austenitic 0.8σ0.2 0.3793σft 
0.225bf 0.05bf 0.025hw 0.225hw 
Duplex 0.6σ0.2 0.3793σft 
 
Table 4 
Measured initial local and global geometric imperfection amplitudes and load eccentricities of the test specimens 
Specimen w0 (mm) v0 (mm) ec (mm) eEq (mm) eEq/L 
I304-252-i 0.39 0.28 -1.86 -1.58 -1/1831 
I304-312-i 0.77 0.39 -0.42 -0.03 -1/100108 
I304-372-i 0.68 0.60 -1.64 -1.03 -1/2752 
I304-432-i 2.15 -0.50 -1.76 -2.26 -1/884 
I304-492-i 2.48 -0.14 -6.49 -6.63 -1/317 
I2205-252-i 0.83 0.54 -1.14 -0.60 -1/4856 
I2205-312-i 0.89 -0.18 2.46 2.28 1/1360 
I2205-372-i 1.04 0.19 -0.97 -0.78 -1/3647 
I2205-432-i 1.11 -2.08 -3.98 -6.06 -1/330 
I2205-492-i 1.51 0.14 -3.95 -3.80 -1/552 
 
  
2 
 
 
Table 5 
Critical local buckling loads of the test specimens 
Specimen 
Test results  FE results  Comparisons 
Ncrl,Exp (kN) σcrl,Exp (MPa)  σcrl,FE (MPa)  σcrl,FE/σcrl,Exp 
I304-252-i 716.5 163.2  140.2  0.86 
I304-312-i 517.6 94.7  103.1  1.09 
I304-372-i 601.1 117.6  128.6  1.09 
I304-432-i 348.9 75.6  87.6  1.16 
I304-492-i 303.1 57.5  58.3  1.01 
I2205-252-i 698.6 159.2  148.2  0.93 
I2205-312-i 479.0 87.6  90.0  1.03 
I2205-372-i 543.4 106.3  131.2  1.23 
I2205-432-i 358.3 77.8  94.1  1.21 
I2205-492-i 250.7 47.7  41.5  0.87 
 
Table 6 
Comparison between interactive buckling test data and FE results 
Specimen Nu,Exp 
(kN) 
δu,Exp 
(mm) 
Δu,Exp
(mm) 
FE results with residual stresses 
FE results without residual 
stresses 
Nu,FE 
(kN) 
δu,FE 
(mm)
Δu,FE 
(mm) Nu,FE/Nu,Exp δu,FE/δu,Exp Δu,FE/Δu,Exp Nu/Nu,Exp δu/δu,Exp Δu/Δu,Exp 
I304-252-i 842.9 4.7 10.6 821.7 4.2 10.8 0.97 0.90 1.02 1.21 0.87 0.46 
I304-312-i 990.5 8.5 4.6 995.4 6.3 5.6 1.00 0.74 1.21 1.13 0.62 0.59 
I304-372-i 893.5 6.3 11.6 843.8 4.8 10.3 0.94 0.77 0.89 1.15 0.87 0.20 
I304-432-i 716.9 4.0 13.3 703.2 3.5 15.3 0.98 0.87 1.15 1.21 0.72 0.50 
I304-492-i 737.3 4.3 18.9 729.2 4.2 18.7 0.99 0.99 0.99 1.18 0.75 0.61 
I2205-252-i 1290.1 6.7 9.9 1268.8 6.0 9.3 0.98 0.90 0.94 1.22 0.92 0.75 
I2205-312-i 1444.6 7.9 20.2 1390.5 7.5 21.3 0.96 0.96 1.05 1.17 0.88 0.71 
I2205-372-i 1322.3 7.4 16.4 1277.7 6.5 12.4 0.97 0.87 0.76 1.20 0.83 0.47 
I2205-432-i 1015.2 4.4 17.8 1014.3 4.5 20.5 1.00 1.04 1.16 1.17 0.94 1.07 
I2205-492-i 1255.8 5.4 15.7 1190.1 5.0 12.5 0.95 0.93 0.80 1.16 0.87 0.74 
Mean - - - - - - 0.98 0.90 1.00 1.18 0.83 0.61 
COV - - - - - - 0.02 0.09 0.15 0.03 0.09 0.22 
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Table 7 
Values of the parameters related to the proposed modified EN 1993-1-4 buckling curves 
Parameters α λ0 
Austenitic grades 0.76 0.35 
Duplex grades 0.49 0.35 
 
Table 8 
Comparison of strength prediction ratios for the considered design methods and proposals (Predicted/Test(FE)) 
 
Existing design methods/proposals New design proposals 
EN 1993-1-4 [32] 
 Rasmussen and Rondal 
[4] 
DSM 
Modified EN 
1993-1-4 
Modified 
DSM Austenitic Duplex 
 
Austenitic Duplex 
Becque et al. [5] 
Huang and Young 
[6] 
Austenitic Duplex EN 
1993-1-4 
AS/NZS 
4673 
Mean 0.88 0.79  0.99 1.02 0.87 1.01 1.29 0.99 0.99 1.01 
COV 0.03 0.05  0.07 0.08 0.08 0.08 0.17 0.05 0.07 0.07 
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